To improve voice quality after laryngectomy, a small pneumatic sound source to be incorporated in a regular tracheoesophageal shunt valve was designed. This artificial voice source consists of a single floppy lip reed, which performs self-sustaining flutter-type oscillations driven by the expired pulmonary air that flows through the tracheoesophageal shunt valve along the outward-striking lip reed. In this in vitro study, aero-acoustic data and detailed high-speed digital image sequences of lip reed behavior are obtained for 10 lip configurations. The high-speed visualizations provide a more explicit understanding and reveal details of lip reed behavior, such as the onset of vibration, beating of the lip against the walls of its housing, and chaotic behavior at high volume flow. We discuss several aspects of lip reed behavior in general and implications for its application as an artificial voice source. For pressures above the sounding threshold, volume flow, fundamental frequency and sound pressure level generated by the floppy lip reed are almost linear functions of the driving force, static pressure difference across the lip. Observed irregularities in these relations are mainly caused by transitions from one type of beating behavior of the lip against the walls of its housing to another. This beating explains the wide range and the driving force dependence of fundamental frequency, and seems to have a strong effect on the spectral content. The thickness of the lip base is linearly related to the fundamental frequency of lip reed oscillation.
I. INTRODUCTION
Despite many efforts towards organ preservation in the treatment of locally advanced cancer involving the larynx, 20 to 40 percent of all laryngeal cancer cases eventually come to total laryngectomy, i.e., removal of the entire larynx ͓Figs. 1͑A͒-͑B͔͒. The chances of being cured from this malignant disease are relatively high. Consequently, many patients live a considerable number of years with the impairments associated with the laryngectomy, such as the loss of voice, the tracheostoma, and the loss of smell. Most problems of laryngectomized patients are related to the loss of voice. It is generally acknowledged that rapid and effective voice restoration is critical to the successful reduction of psychological, social, and economic setbacks due to postlaryngectomy aphonia. 1 Over the past two decades, surgical voice restoration by means of a tracheoesophageal ͑TE͒ fistula incorporating a silicone rubber shunt valve 2 has become the standard approach to postlaryngectomy voice rehabilitation in most European institutions. By closing the tracheostoma with a finger, expiratory air is directed through this one-way valve from the trachea into the upper digestive tract, while preventing leakage of food and saliva from the pharynx into the airway ͓Fig. 1͑C͔͒. The term ''voice prosthesis'' is widely used in medical literature when referring to TE shunt valves, although these devices do not actually produce sound. The airflow sets the closely approximated mucosal surfaces of the former upper esophageal sphincter, also called pharyngoesophageal ͑PE͒ segment, into vibration. This low-frequency sound can be used as substitute voice. Compared to other methods of alaryngeal voice production, such as electrolarynx ͑Servox ® ͒ and esophageal voice, a TE fistula enables louder phonation and better intelligibility; 3 additionally, it enables usually quick and trouble-free voice acquisition, higher speech rate, and more sustained phrasing. 4, 5 If, however, the tonus of the PE segment is too low to attain sufficient mucosal approximation, the resulting TE shunt valve voice will be weak and breathy, or merely a coarse whisper. 6, 7 With sufficient approximation, the vibrating mass is often fairly large, which yields a low fundamental frequency ( f 0 ). Female laryngectomees in particular often have severe problems accepting their low-pitched alaryngeal voice. The mean speaking f 0 of laryngeal female voices is 211 Hz (S.D.ϭ23 Hz), 8 which decreases after laryngectomy and current voice rehabilitation to an unnaturally low mean speaking f 0 of 108 Hz (S.D.ϭ28 Hz). 9 In order to improve voice quality for these two groups of laryngectomees ͑females and those with a hypotonic PE segment͒, a small pneumatic sound source to be incorporated in a regular TE shunt valve was designed in cooperation with the Department of Biomedical Engineering at the University of Groningen. 10, 11 To obtain a periodically changing flow resulting in air pressure variations, several sound-producing principles were taken into consideration for the artificial voice source: an air-reed, a siren, an inward-striking reed, and a lip reed. The major disadvantage of the air-reed prin-ciple ͑e.g., flutes͒ is the dependency of f 0 on vocal tract configuration. The principle of the siren was rejected because its rotating part appeared to be too sensitive to tracheal secretions. Inward-striking reeds ͑e.g., woodwind-type reeds͒ were tried before, but could not vary f 0 sufficiently. 12, 13 An outward-striking lip reed 14 was selected, which resembles the cyclic opening and closing of the gap between the lips of a musician playing a brass instrument. 15 The new voice source consists of a single floppy lip, which performs self-sustaining flutter-type oscillations driven by the expired pulmonary air that flows through the TE shunt valve along the outwardstriking lip. In the neutral position, the straight silicone rubber lip reed is bent 90°against the opposite wall to obtain the load force necessary for proper functioning ͑Table I͒.
A prototype of this artificial voice source only proved beneficial in female laryngectomees with a hypotonic PE segment. 16 For them the artificial voice source improves voice quality and increases the average pitch of voice, without decreasing intelligibility or necessitating other pressure and airflow rates than regular TE shunt valve speech. Patients can regulate pitch and sound intensity of this prosthetic voice to a limited extent by altering the airflow along the floppy lip. The mechanism does not result in unacceptable airflow resistance. However, for this new mechanism of postlaryngectomy voice restoration to become useful for a larger group of laryngectomees, a voice with an f 0 suitable for males has to be generated as well. In addition, a larger part of the melodic and dynamic range of the sound source has to be reached within the regular airflow range for TE shunt valve speech.
To determine the optimum configuration of the voice source, De Vries et al. developed a numerical model. 17 In this model, the Finite Element Method is used to describe the geometry and mechanical properties of the floppy lip reed in the prosthesis. The airflow through the voice source is described by two-dimensional Navier-Stokes equations. The interaction between the floppy lip and the airflow is modeled by placing both in a collective grid. This model however, is just two dimensional, thus not allowing for possible torsion of the floppy lip and leakage of air along the lip. Moreover, stroboscopic observations show a closed phase in the lip cycle, whereas in the simulations no contact was observed between the lip and the opposite wall. These limitations cause significant differences between the simulated and measured lip motion characteristics, thereby underscoring the need for actual observational data.
The purpose of this study is to obtain aero-acoustic measurement data and detailed high-speed photographic sequences of several lip configurations, on which future floppy lip reed models may be based. Visualization may provide a more explicit understanding or reveal features of lip reed behavior not previously known. 18 The aero-acoustic measurement data allow us to appreciate the effect of lip configuration on the effort in terms of expiratory airflow and tracheal pressure, required from patients to attain specific vocal performance ͑i.e., intensity and f 0 ͒ and voice quality parameters ͑i.e., harmonics-to-noise ratios͒. Additionally, these experimental data can be used as quantitative classification criteria to establish the most promising lip configurations for clinical use.
II. EXPERIMENTAL METHODS

A. The silicone rubber lip reeds
Implant-grade liquid silicone rubber was chosen for several reasons: ͑a͒ the biocompatibility of the lip has to comply with the FDA Code of Federal Regulations, title 21, part 874.3730; ͑b͒ a silicone rubber lip reed has a lower modulus of elasticity than, for example, metal reeds, thus enabling lower fundamental frequencies and requiring less airflow; ͑c͒ the movement of a vibrating flexible lip can be arrested very abruptly during each cycle by striking against its housing, yielding sound with a broad spectrum of harmonics, like laryngeal voices, which is likely to improve naturalness of the artificial voice; 19 and ͑d͒ liquid silicone rubber can be injection molded under under vacuum and cured at room tempera- ture in almost any shape of mold. The molds were engineered using the CAD/CAM package I-DEAS ® ͑SDRC, Milford, OH, USA͒.
A previous study indicated that twin-lipped configurations generate an unnaturally high f 0 compared to singlelipped configurations, 11 which probably results from a higher load force and from the more confined space for the oscillatory cycles of their twin lips. Moreover, analogous to human vocal folds, two opposing lips have to be mounted exactly symmetrical in order to function properly, which proved very difficult to reproduce.
Prior to the current study, we explored the aero-acoustic characteristics of a wide range of lip configurations in vitro, aiming at a voice with an f 0 suitable for male laryngectomees. This showed us that bedding metal or silicone rubber ballast in the tip of these floppy lip reeds is not an appropriate method to decrease f 0 , since it made them prone to chaotic behavior and required high airflows for the onset of sound production. Also decreasing the load force on the lip reed, either by providing them with crosswise grooves, or by increasing the distance to the opposite canal wall, proved unsuccessful. It reduced the intensity of the generated sound and again made the lip prone to chaotic behavior. Just making larger lips for lower frequencies is not possible, because the dimensions of the lip are confined by the geometry of the silicone rubber shunt valve that is determined by the size of the TE fistula. To facilitate lower fundamental frequencies for male laryngectomees, the lips evaluated in the current study consist of softer silicone rubber and are longer than previous prototypes, 11, 16 which ranged from 6.5 to 10.5 mm. The durometer of the employed silicone rubber is 43 Shore A units, the density is 1130 kg/m 3 and the elasticity modulus at 200% elongation is 3.45ϫ10 6 Pa. The results obtained from the numerical model indicated that tapered lip configurations might have a relatively low threshold of vibration and a relatively steep increase of f 0 with increasing pressure and flow. 17 These two features are important for patients since they determine, respectively, the effort required for the onset of phonation and the potential for natural prosody using the prosthesis. Therefore, the lip configurations evaluated in this study are mostly tapered. To investigate the effects of lip reed stiffness, load force, and mass distribution on aerodynamic requirements and acoustic performance of the sound source, a set of 10 silicone rubber lips having the same length and width (12.5 mmϫ3.3 mm), but varying in thickness and shape, was employed ͑Table I͒. The lip configurations are named after the thickness of their base and free tip, i.e., tapered lip 5-3 converges from 0.5 mm at the base to a free tip of 0.3 mm. The natural frequency of each unbent lip reed and the load force exerted by bending it 90°against the opposite wall are also given in Table I. A perspex setup to determine the aero-acoustic characteristics of the lip reeds in vitro and obtaining the high-speed sequences is depicted in Fig. 2 . The ringed tracheal tube is connected to a high-pressure air supply through a pressure regulator. The dimensions of the canal between the tracheal and esophageal side of the model are identical to the dimensions of the square lumen in the shaft of the TE shunt valve that is developed for use in patients: a height of 3.2 mm and a width of 3.5 mm, allowing for 0.1 mm clearance at both sides of the lip. The lip is mounted in this canal by means of a stainless steel rod that is encased in the base of the lip at the time of molding.
B. Aerodynamic and acoustic data acquisition
A differential pressure transducer ͑DT-2-14P-0-10L, Modus Instruments, Clinton, MA, USA͒ measured the static air pressure drop ( P 0 -P) across the lip. The volume flow through the device was determined downstream using a respiratory flowhead ͑F300L, Mercury Electronics, Glasgow, Scotland͒, connected to another differential pressure transducer ͑DT-2-02P-0-10L, Modus Instruments͒. These transducers were calibrated by means of a calibration analyzer 5.1͒. Low-pass eighth-order elliptic filters ͑National Instruments SCXI-1141͒ were applied to all sensor signals at 3500 Hz to prevent aliasing.
Each of the of lips was recorded twice while the volume flow increased slowly from zero to 4ϫ10 Ϫ4 m 3 /s and vice versa, taking approximately 60 seconds per recorded loop. For every 100 ms the fundamental frequency was calculated off-line from the recorded microphone signals by another custom-built LabVIEW ® application, based on a harmonic product spectrum algorithm. 20 This robust algorithm not only uses the fundamental but also the positions of the higher harmonics in the spectrum by calculating the largest common divider of their frequencies.
The simultaneously registered signal of the sound level meter was used to select specific periods of the recorded loops: each time the meter crossed 60 dB͓A͔ ͑onset͒, 70 dB͓A͔ ͑regular conversation͒, 80 dB͓A͔ ͑loud conversation͒ or 90 dB͓A͔ ͑shouting͒, a sample of 1000 ms was cut from the recording to be used for acoustic analysis. Since each lip was recorded twice, both crescendo and decrescendo, this resulted in four samples at each sound pressure level, adding up to 16 samples per lip. The level of noise in these 1000 ms samples was estimated with a cepstrum-based technique, described by De Krom for laryngeal voices. 21 Harmonics and noise of a voice spectrum are disentangled in the corresponding cepstrum ͑the Fourier transform of the log spectrum͒ and can then be manipulated separately. The harmonic structure of the spectrum gives rise to a few equidistant peaks in the cepstrum. The noise affects various cepstral aspects: the spectral envelope of the noise contributes to the low end of the cepstrum, whereas its fine structure defines the higher regions of the cepstrum. By application of a comb filter to the cepstrum, energy related to the harmonic structure in the spectrum can be removed. After a inverse transformation and a level correction, an estimate of the noise spectrum is obtained. By subtraction of the estimated noise spectrum from the original voice spectrum, the harmonics-to-noise ratio was calculated for two frequency regions ͑Ͻ700 Hz and 700-2300 Hz͒. These regions roughly correspond to the frequency regions of first and second formant. 22 To obtain one set of signal parameters per lip at each sound pressure level, outcomes of calculations on four samples corresponding to identical sound pressure levels were averaged.
C. High-speed digital imaging
A magnifying laryngo-pharyngoscope by Stuckrad ͑4450.57, Richard Wolf GmbH, Knittlingen, Germany͒ equipped with a fiber light cable that provided coaxial light from a 300 Watt xenon lamp ͑Auto-LP/Flash 5135, Richard Wolf GmbH͒ was positioned right above the canal between the tracheal and esophageal side of the clear perspex setup. On the endoscope we mounted a Weinberger SpeedCam Pro monochrome camera ͑Weinberger AG, Dietikon, Switzerland͒. The CCD image sensor of this high-speed digital imaging system has a square pixel array of 512ϫ512 pixels, which can operate up to 1000 frames per second at full resolution. By reducing the horizontal resolution to 512ϫ128 pixels we were able to increase the recording speed to 3000 frames per second of 8-bit gray scale. Expansion of the internal memory of the camera to 1024 megabytes provided for 4 seconds recording time ͑storage of 12 000 images at the applied resolution͒. Each of the lips was recorded for 4 seconds, while the volume flow increased from zero to 4 ϫ10 Ϫ4 m 3 /s. To avoid storing gigabytes of images, several distinctive sequences of 200 pictures ͑66.7 ms͒ were selected per lip for storage as manageable Microsoft Windows AVI files. Figure 3 shows the volume flow, the sound pressure level measured 0.30 m downstream from the wire screen of the flowhead, and the fundamental frequency of lip 5-3 ͑Table I͒ plotted versus the pressure difference ( P 0 -P) across the lip. Similar data were obtained for all lips.
III. EXPERIMENTAL RESULTS
A. Aerodynamic and acoustic analyses
Pressure difference, volume flow, and f 0 of all lips are presented in Table II at four selected sound pressure levels. The harmonic product spectrum algorithm was not able to determine the f 0 in the highly irregular signals representing lip 3-3 at 70 dB͓A͔ and lip 6-4 at 90 dB͓A͔. No lip configu- 3 Pa. The potential for patients to obtain natural prosody by means of this prosthetic voice can be estimated by considering the range of fundamental frequencies generated by each lip configuration within the physiological airflow range ͑Table IV͒. Most lips offer a range in the order of 100 Hz. Lips 4-2, 5-2, 5-3, and 6-3 approximate the mean f 0 range for male laryngeal speakers best. In Tables II and IV The cepstrum-based technique, used to estimate the harmonics-to-noise ratios in these samples, depends on correct f 0 extraction. Since our algorithm was not able to determine the f 0 in the highly irregular signals representing lip Fig. 9. 3-3 at 70 dB͓A͔ and lip 6-4 at 90 dB͓A͔, no harmonics-tonoise ratios could be calculated for these two conditions either.
At 90 dB͓A͔, the harmonics-to-noise ratios of all lips deteriorate ͑Table V͒. At conversational intensities ͑70 and 80 dB͓A͔͒, the harmonics-to-noise ratios in the frequency regions containing the first and second formant are appreciably good ͑Ͼ25 dB and Ͼ10 dB, respectively͒ in the three thickest tapered lips 7-4, 7-3, and 6-4. On the other hand, the harmonics-to-noise ratios of the four thinnest lips 4-2, 3-3, 3-2, and 2-2 are relatively low. Using the same algorithm, Festen et al. 23 found the harmonics-to-noise ratio in the frequency region of the first formant to range from 22 to 31 dB in normal laryngeal voices, and from 1 to 9 dB in laryngectomized TE shunt valve speakers. Of the lips selected above for their optimal f 0 range, lip 5-3 generates considerably stronger harmonics than the others, both in the region of the first and second formant.
B. High-speed digital imaging
The sequences showing the onset of vibration are much alike for all lips, although the initial amplitude appears to be larger in the thinnest lips. Figure 4 
͓Fig. 4͑A͔͒. After 8.7 ms, 26 images later, the increasing overpressure at the tracheal side of the lip has gradually pushed the lip to its first peak opening ͓Fig. 4͑B͔͒. The recoil of the lip reed and the Bernoulli force, a local minimum of pressure created by the flow through the device, causes the narrowest ͑middle͒ part of the valve channel to collapse rapidly, leading to the first closure at tϭ10.7 ms. After the first closed phase, lasting 2.7 ms, the lip opens again to let the second flow pulse pass between tϭ13.3 ms and tϭ21.3 ms. The lip centerline was traced by hand separately for each digital image taken during this period and then compiled to show the entire sequence ͓Fig. 4͑C͔͒. This motion is essentially one of wave propagation from the base to the tip of the lip, with a one-sided constraint at the opposite wall, for which a lip-valve model has been discussed by Ayers. 24 For thin lips the transition from the initial cycle to a full-amplitude self-sustaining oscillation requires only a few cycles, whereas thick lips build up amplitude more gradually over a considerable number of cycles.
Contrary to the predictions based on the numerical simulation model, 17 contact was observed between the lips and the walls of the housing. Immediately after onset, this contact takes place twice per cycle at closure. One after the other, the mid-part of the lip and the free tip bump gently into the opposite wall ͓Fig. 4͑C͔͒. At this stage the level of sound produced is very low. When increasing the volume flow, the free tip additionally strikes the wall on the side where the lip is mounted at the time of maximum opening. This probably perturbs the lip motion in such a way that the airflow variations in the artificial voice source are increased, giving rise to a steep increase of the generated sound intensity. The transition from two-contacts behavior to threecontacts behavior shows hysteresis. Figure 5 shows a tracing of a 27-image sequence of an entire cycle of lip 5-3 during steady-state vibration at 112 Hz. Again, the lip centerline was traced by hand separately for each digital image and then compiled to show the entire sequence. By dividing the entire cycle in three phases, the three-contacts behavior described above is illustrated distinctly. A similarly complex, though regular, flutter-type motion pattern can be seen in all lips for some part of their melodic and dynamic range.
From the high-speed digital image sequences, it is apparent that the free tip striking against the housing induces a small superimposed traveling wave in the lip that starts at the tip and runs toward the base of the lip. This disturbance appears to happen especially when the lip strikes against the wall on the side where the lip is mounted, at the time of maximum opening. This effect is much more noticeable when playing the sequences slowly than when studying the individual frames. In thick stiff lips, the amplitude of the traveling wave is small and its propagation fast, which gives the impression of a shudder of the lip upon striking against the wall. In thin floppy lips however, the amplitude is higher and the propagation slower, which enables us to see the small superimposed wave run from the tip to the base of the lip and often back and forth again.
As expected, the increased stiffness and higher load force of thick-based lips yield higher frequencies compared to thin lips. The mean opening area is significantly smaller for these lips, corresponding with the finding of higher airflow resistance in these lip configurations. Moreover, thick lips show the same regular flutter-type motion pattern at almost any volume flow; their stiffness hardly allows for cycle-to-cycle irregularities. Thin lips on the other hand, may demonstrate chaotic behavior such as torsion of the body of the lip ͓Fig. 6͑A͔͒, torsion combined with superimposed traveling waves ͓Fig. 6͑B͔͒, or curling of the free tip ͓Fig. 6͑C͔͒, even at a moderate volume flow.
IV. DISCUSSION
In this experimental study, aero-acoustic data and detailed high-speed photographic sequences were obtained for 10 lip reed configurations. The high-speed visualizations of lip reed behavior are useful because of both the overall insight and the details they provide. Details of lip reed behavior may be crucial for both understanding 18 and optimizing the aero-acoustic characteristics of this artificial voice source. Next, we discuss several aspects of lip reed behavior in general and implications for the use of the artificial voice source.
A. Experimental setup
The acoustic properties of the model upstream and downstream from the lip do not reflect the conditions in vivo. However, Van der Plaats et al. 25 found that the impedance spectrum of the subglottal tract, i.e., trachea, bronchi, and lungs, does not affect the output of this alternative voice source based on an outward-striking lip reed. Nevertheless, we repeated some of the experiments described above after ͑a͒ augmenting the length of the downstream vocal tract to an anatomically correct 0.17 m, 26 and ͑b͒ installing soundabsorbent porous foam 0.20 m upstream in the ringed tracheal tube to simulate the acoustic impedance of the lungs. 27 These simple modifications, reflecting the acoustic load working on the glottis in vivo, had no effect on any of the relations between volume flow, static air pressure drop, f 0 , and sound pressure level, thus supporting the observation by Van der Plaats et al. 25 and the validity of our measurements. Differently from conditions in vivo, where the artificial voice source is incorporated in a silicone rubber TE shunt valve, the lips are mounted in a valveless perspex model. Although the mounting method and the dimensions of the canal between tracheal and esophageal side of the experimental setup are identical to in vivo conditions, the setup does not include a shunt valve, since we are primarily concerned with visualizing and understanding the characteristics and behavior of the lip reed proper. Incorporating the artificial voice source in future TE shunt valves will yield a higher airflow resistance compared to this valveless situation 11, 16 and possibly a modulation of the generated tones. On the other hand, the model contains several sharp edges, such as the abrupt inlet of the tracheoesophageal canal ͑Table I and Fig. 2͒ , which may induce a vena contracta effect. 28 This artifact of the experimental setup would probably result in higher airflow resistance compared to the smooth human anatomy.
B. Determinants of f 0 : volume flow, lip length, and lip base thickness
Laryngectomees using this new voice source require a control parameter to vary f 0 in order to obtain a functional intonation pattern. Likewise, engineers of future soundproducing shunt valves have need of design parameters to vary the mean speaking f 0 in order to match the genderspecific reference values of laryngeal voices. The current study yields both.
In the human vocal system, intensity and frequency are not controlled independently. Laryngeal speakers tend to raise their voice in pitch when they raise their voice in loudness, and they do it differently in different portions of their vocal range. 29 For the chest register, Titze 30 demonstrates that the typical rise in f 0 with subglottal pressure observed in human and canine larynges ͑2-6 Hz per 10 2 Pa͒ is explainable on the basis of an amplitude-dependent tension in the vocal folds. This not only explains intensity and frequency being coupled, but also subglottal pressure being a variable of control for both.
Also in the evaluated silicone rubber lip reeds, an almost linear relation is found between f 0 and the static pressure difference across the lip for the largest part of their effective melodic and dynamic range, as shown in Fig. 3 for lip 5-3. Aurégan and Depollier 31 report a similar behavior for both a numerical and an in vitro model of the soft palate during snoring. Despite complex flow characteristics ͑dynamic flow separation, vortex formation, etc.͒, f 0 of the soft palate motion increases almost linearly with air velocity, when multiple contacts per oscillation between the soft palate and the pharyngeal walls occur. Actually, Hirschberg et al. 32 state that elastic beating of the reed on the lay of reed organ pipes explains the dependence of f 0 on blowing pressure in these woodwind instruments. Hydrodynamic effects are significant when the reed does not beat. If beating occurs, however, the hypothetical trajectory of the reed is abruptly clipped by its collision with the lay. In Hirschberg's mass-spring model for this phenomenon, the resonance frequency increases with increasing blowing pressure. Therefore contact between the lip and the walls of the housing seems to be a prerequisite for attaining a wide f 0 range. This melodic range, in the order of 100 Hz within the regular airflow range for TE shunt valve speech, may offer laryngectomees better possibilities for natural prosody than previous prototypes. 11, 16 Nonetheless, even these new lips will probably require thorough practice and individual training to make optimal use of this new means of intonation.
For the three thinnest lip configurations, f 0 initially decreases by 10-20 Hz with increasing volume flow just after the onset of vibration. When increasing the volume flow further, however, f 0 gradually rises again similar to thicker lip reeds. We could not find an explanation for this phenomenon by examining the high-speed digital image sequences of these lips, but the U-shaped relation between f 0 and volume flow was also noted by some of the patients when testing a prototype of the artificial voice source. 16 Thicker lip configurations may demonstrate this behavior as well, but only for an instant, when they still generate less than 60 dB͓A͔, which makes the phenomenon hardly audible ͑Fig. 3, for P 0 -Pϭ0. 25-0.45ϫ10 3 Pa͒. The evaluated lip configurations vary in stiffness, natural frequency, load force, and mass distribution, but not in length. Therefore, no conclusions can be drawn from these data regarding the effect of lip reed length on aerodynamic requirements and acoustic performance of the sound source. However, previous studies indicate that the range of fundamental frequencies generated by an outward-striking lip reed is shifted downward with increasing lip length, 10, 11, 16 as is also true for freely vibrating cantilevered beams and pipe organ reeds tongues. 33 In these experiments, the effects of lip reed mass on the frequency of oscillation are confounded with those of lip thickness. This precludes separate conclusions on the effects of lip mass. Since lip mass is directly proportional to thickness, while lip stiffness is proportional to thickness to the third power, it is to be expected that the natural frequency of the unbent lip reed will be proportional to thickness ͑Table I͒. Figure 7 presents the frequency dependence on the lip base thickness for the constrained lip reed motion in the current experimental setup. The graph combines results of 160 samples; f 0 was averaged over four measurements at four different sound pressure levels for 10 different lip configurations. Bearing in mind that f 0 is also strongly dependent on the static pressure difference across the lip, the data were fit by a least-squares analysis to four separate straight lines for each of the four different sound pressure levels. These lines fit the data quite well ͑r 2 ϭ0.87, 0.82, 0.78, and 0.93, respectively͒, indicating that the frequency is roughly linearly related to lip base thickness, as is also found for freely vibrating cantilevered beams and pipe organ reeds tongues. found in a frictionless tracheoesophageal canal without lip reed or inlet discontinuities. The higher load force, brought about by the stiff base of lip 7-4, prevents the lip from bending as far as lip 3-3, resulting in a smaller average crosssectional area of the reed channel, which is also observed in the high-speed image sequences.
D. Lip reed beating behavior
Contrary to the predictions based on the numerical simulation model, 17 beating of the lip against the walls of its housing occurs over the entire melodic and dynamic range in all lip configurations. Actually, these elastic collisions seem to be essential determinants of lip reed aero-acoustics, not only enabling a wide f 0 range within a limited range of volume flow, 32 but also accounting for most of the observed irregularities in the relations between driving force ( P 0 -P) on one hand, and both sound pressure level and f 0 on the other. For specific parts of the melodic and dynamic range, different parts of the lip reed ͑mid-part or free tip͒ make single or multiple contacts per cycle with different sides of the housing, each combination having its own effect on sound pressure level, f 0 , and spectral content. The transitions from one type of behavior to another often show hysteresis.
The effect of the number of contacts per cycle on spectral richness is shown in Fig. 9 for lip 5-3. Just before the transition from the previously described two-contacts to three contacts behavior, at a static pressure difference of 0.48ϫ10 3 Pa ͑Fig. 3-position A͒, the harmonics beyond 1500 Hz hardly rise above the level of the noise. Right after the transition, at a static pressure difference of 0.63 ϫ10 3 Pa ͑Fig. 3-position B͒, when the free tip also beats against the wall on the side where the lip is mounted, the excitation wave form probably is abruptly clipped, yielding stronger harmonics, while the noise level remains the same. The latter behavior is favorable for the artificial voice source, because it results in a less noisy signal in a frequency region that carries the important information on the differences among vowels. Moreover, the spectral slope is less steep after the transition, causing the harmonics beyond 2000 Hz to gain approximately 5 dB relative to the harmonics below 1000 Hz.
The damping of the lip reed, involved in these elastic collisions, is not only determined by the mechanical properties of the silicone rubber, but most likely also by the air cushion trapped between the lip and the wall of the housing. The clearance at both sides of the lip may therefore form an important control parameter of the behavior of beating lip reeds.
E. Harmonics-to-noise ratio
It is interesting to notice that the harmonics-to-noise ratios for thick lip configurations are much better than for thin lips. This may be explained by comparing the acoustic signal in the time-domain and the high-speed digital image sequences of both groups: thin lips are prone to chaotic behavior ͑torsion, superimposed traveling waves, curling of the free tip, etc.͒, even at moderate volume flow. At conversational intensities, thick lips not only offer an appreciable harmonics-to-noise ratio in the frequency region that holds the first formant of most vowels, but also in higher regions of the spectrum. The latter may provide good potential for the naturalness of the artificial voice. 19 At 90 dB͓A͔, the harmonics-to-noise ratio of all lips deteriorates. To roughly discern whether increasing turbulent noise in the experimental setup or a waning harmonic structure is responsible, we measured the sound pressure level of the turbulent noise 0.30 m downstream from the wire screen FIG. 9 . Temporal and spectral representation of the sound generated by lip 5-3 just before and after its transition from two-contacts behavior to threecontacts behavior ͑positions A and B in Fig. 3, respectively͒. of the flowhead at the maximum volume flow of 4 ϫ10 Ϫ4 m 3 /s, without mounting any lip reed in the perspex model. The level of noise generated by the empty experimental setup is only 51 dB͓A͔, whereas most lip configurations exceed 90 dB͓A͔ at this high volume flow. This supports the hypothesis that, under extreme conditions, even thick lips show chaotic behavior, deteriorating the harmonics-to-noise ratio by breaking up the harmonic structure rather than by increasing the level of turbulent noise.
F. Possibilities of the artificial voice source in vivo
The experimental data from this study may be used to find the most promising lip configurations for use in laryngectomees. First, volume flow and static tracheal pressure required for adequate speech levels with this alternative voice source ͑Table II͒ have to comply with laryngectomees' physical capabilities ͑Table III͒. Second, the mean and range of the fundamental frequency generated within the physiological airflow range ͑Tables II and IV͒, need to match the gender-specific reference values of laryngeal voices ͑Table III͒. Additionally, voice quality parameters of this prosthetic voice can be considered, such as the harmonics-to-noise ratios ͑Table V͒, or the potential of intonation control, reflected in the dependence of f 0 on the static pressure difference across the lip. Since all evaluated lip configurations operate within the limits set by laryngectomees' physical capabilities, the selection of the most promising lip configuration for males will finally be a compromise between the most natural f 0 range for men, generated by thin lips, and the best voice quality obtained from thick-based lips. For females this is easier, since the thick-based lips yield not only a good voice quality, but also generate an f 0 range suitable for women.
V. CONCLUSIONS
We summarize the main conclusions that can be drawn from this study concerning the aero-acoustics of silicone rubber lip reeds for alternative voice production in laryngectomees.
For pressures above the sounding threshold, fundamental frequency, volume flow, and sound pressure level generated by a single floppy lip reed are almost linear functions of the driving force, static pressure difference across the lip. The wide range and the driving force dependence of f 0 can be explained by the elastic beating of the lip against the walls of the housing.
Observed irregularities in these relations are mainly caused by transitions from one type of beating behavior of the lip against the walls of the housing to another.
The thickness of the lip base is linearly related to the frequency of lip reed oscillation. This effect completely overrules the frequency-lowering effect of the increased mass of thicker lips.
The use of silicone rubber lip reeds for alternative voice production may be limited by their chaotic behavior. Ultimately all lips demonstrate chaotic behavior, but only for thin lip configurations this occurs well within the regular airflow range for TE shunt valve speech. Chaotic behavior deteriorates the harmonics-to-noise ratio, and would therefore compromise the naturalness and intelligibility of the artificial voice.
High-speed visualization of lip reed motion provides both general insight and details of the underlying lip reed behavior essential for optimization of this artificial voice source.
In addition to previous reports that concerned only female laryngectomees, this study demonstrated that also for male laryngectomees a lip configuration may be found that offers a good compromise between the desired f 0 range and favorable sound quality.
